In the human spine, it is well known that facet joints play a significant role in load transmission and providing stability. It has also been hypothesized to be one of most probable sources of low back pain. Experimental determination of the load-bearing role of lumbar intervertebral joints, such as the facets joints, under axial compression has not been a straightforward task. In this study, the role of the facets in load transmission through a L2-L3 motion segment under axial compression is investigated using a L2-L3 finite element (FE) model, incorporated with an accurate threedimensional geometry of facet joints with the inclusion of surface-to-surface continuum contact representation. The effects of osteoarthritis on facet force and biomechanical behaviors are also investigated by assuming friction at the facet joints. The study shows that the facet joints resisted 8% more in load for joints with osteoarthritics as compared with the normal joints. High percentage increase in contact facet force was also predicted for joint with osteoarthritics deformity. The use of the analytical FE model provided yet another efficient alternative for predicting the load transmission and contact force for degenerative joints, so as to provide a better understanding of the biomechanics of the spine as well as the pathophysiology of the various spinal disorders and degenerative conditions.
INTRODUCTION
Intervertebral discs (IVD) and facet joints, defined as the intervertebral joints of spinal motion segment, have a complementary role in maintaining spinal stability and strength as well as transfering loads between vertebral levels. 3 An abnormal increase of loadings in the facet joints may be a source of low back pain and other ensuing clinical symptoms, of which could contribute to degenerative changes in the intervertebral joints. 5, 19, 24 Many experimental studies have been conducted to investigate the facet joints weight-bearing role under loadings, spine stability after graded facetectomies, and hypothesize the relationship between facet load and low back pain. 2, 3, 13, 17, 30 Nevertheless, scatter results have been reported on the magnitude of load transmission through the facet joints under axial load. In an earlier study in 1960, Nachemson 20 reported that the facet joints carried approximately 18% of the vertical load in an intervertebral joint. Subsequent studies by other researchers reported that the facets bone 9-57% for L2-L3, 8-28% for L4-L5, 17 1% for all normal joints 3 and 14-24% for L4-L5. 16 Reasons for these differences were contributed to the experimental techniques used, the differing appreciation of the anatomy of the facets joints, definition of facet load and the different biomechanical behavior among different specimens in axial compression.
Over past decades, analytical studies (finite element method) were conducted to quantify intrinsic variables (such as stress and strain) as well as to understand the role of various regions of spinal components and the ramifications of the lumbar spine stability due to graded facetectomy. 22, [25] [26] [27] [28] With its diversity and flexibility as an analysis tool, finite element (FE) method has been perceived over the years as a surrogate tool for biomechanical and clinical studies, whereby parameters can be easily modified without the need for new specimens and any resulting changes be observed in the final outcomes. Also, FE models surpass experiments in their ability to provide estimates of intrinsic variables that cannot be measured experimentally. However, in order to enhance its prediction for behavior and intrinsic parameters, the FE model relies on accurate material constitutive representation, geometric data, loading characteristics and boundary and interfacial condition so as to delineate the clinical biomechanics of the spine. However, most articular surfaces of the facets reported in these analytical studies for lumbar spine were generally assumed to be flat/planar and parallel with gap, quantified from literature, or simplified geometry obtained and constructed from CT scan images. 22, [25] [26] [27] [28] For example, Sharma et al. 26 studied the role of facets in load transmission by varying the facet geometric parameters and reported no load at the facet joints for normal motion segment model under axial compressive load. In another FE study, Natarajan et al. 22 investigated the effect of facetectomy on motion segment stability due to applied torsion moment. But the limitations of these studies were that the facet surfaces were assumed to be planar and parallel with gap therein. Such representations of the facet joints would not yield a realistic prediction of the behavior due to the lack of three-dimensional details in the structural characterization of the lumbar spine. As reported by Panjabi et al., 24 some amount of relative angle up to 15° and 6° may exist between the facet joint surfaces in sagittal and transverse plane respectively. Furthermore, it is well recognized that the anatomic structure and surface geometry of the vertebrae greatly define the motion and its related biomechanical response.
Several contact algorithms have been proposed for the facet articulation when using FE lumbar models for the biomechanical studies. 12, 22, [25] [26] [27] [28] In the analytical studies by Shirazi et al. 27, 28 and Sharma et al., 25, 26 they adopted a method that examined the possibility of contact between the articulating surfaces as the load was increased. A set of points (nodes at the corners) of elements representing the articulating surface in the inferior articulating surface were tested for the possibility of contact with superior articulating surface after each increment. To model the contact, two-link elements were employed at the points of contact (corner nodes of elements) and introduced in the next increment of load. Goel and Gilbertson 12 modeled the contact between the articulating surfaces with increasing load using gap elements. The analysis is iterative and convergence is attained with the closure of all the gaps. However, in reality, the facet contact areas are liable to change during load application. With such adoption of the contact algorithms, the facet articulation may not be realistic enough to predict the complex behaviour therein.
The foregoing review on the existing FE lumbar models clearly highlights the lack of the level of three-dimensional accuracy and intricate detail, even though the incorporation of geometrically accurate modeling and articulating representation of the facet joints are crucial for predicting the biomechanical behavior of the spinal motion segment. Therefore, a three-dimensional, anatomically accurate and validated FE model of the human lumbar L2-L3 motion segment was developed and exercised under axial compressive loading to investigate the role of normal and degenerated facet joints in load-bearing. The three-dimensional continuum surface-to-surface contact was used to simulate the articulation for the complex geometry of the facet joints. To simulate osteoarthritis (degenerative joint disease), characterized by loss of joint smoothness and range of motion without major joint inflammation friction was assumed at the facet joints, instead of being frictionless for normal joints, to analyze the biomechanical behaviors under such degenerative conditions. Such study would enhance a better understanding of the load-bearing characteristics so as to provide some biomechanical insight into facet joint stability and degeneration.
MATERIAL AND METHODS

Finite Element Model
A three-dimensional non-linear FE model of the human lumber L2-L3 motion segment was created based on an actual embalmed lumbar spine of a 59-year-old man by a direct digitizing process. Examination of the specimen did not show any gross physical abnormalities. To obtain the geometrical data required for the finite element model, an accurate, flexible and multiaxis digitizer (FaroArm, Bronze Series, Faro Technologies, Inc., FL, USA) was used to extract the pertinent cross-section data into a point-cloud, which was subsequently imported into a commercially available finite element software, ANSYS 6.0 (ANSYS Inc., Pennsylvania, USA), for volume and mesh construction using bottom-up approach. Figure 1 shows the captured cross sections of L2 vertebra. The adoption of the digitization process permits accurate geometrical extraction of the specimen for the FE solid representation. Figure 2 shows the L2-L3 FE model, consisting of 8581 eight-node isoparametric elements and 817 cable elements with 32,641 degrees of freedom. For the intervertebral disc, an anterior height of 8.9 mm and posterior height of 6.7 mm were modeled based on published literature to account for the required kyphotic curve. 10, 31 The nucleus pulposus was simulated by means of a nearly incompressible fluid cavity, and the annulus fibrosus, as shown in Fig. 3 , was assumed to be made of 3 radial consecutive laminar layers of composite material consisting of annular fibers embedded in the homogeneous matrix material. The annulus fibers, simulated by threedimensional cable elements that only sustained tension, were arranged at about ± 30° angle in relation to the adjacent endplates. The total volume of the annulus fibers was assumed as 19% of the annulus volume, as reported by Sharma et al. 25, 26 Figure 4 shows the spatial orientation and exact geometrical profiles of the facet joints based on the actual embalmed cadaveric lumbar vertebrae (L2 and L3) used in the modeling of the L2-L3 FE model. Since friction is assumed to be negligible except for the degenerative joints study, the facet joints were modeled to transmit only compressive forces. Six ligaments, except the capsular ligaments, approximated the ligamentous structures in the motion segment, and their attachment points to the bony prominence that were chosen based on anatomy books were included in the model. The cross-sectional area of each ligament was averages of the values reported in the literature. The exclusion of capsular ligaments simulates the incision required experimentally to facilitate the inclusion of pressure film for measuring pressure load between the articulating surfaces of the facets. 17 In addition, the tensile stresses developed from the stretching of the capsular ligaments were small in comparison to the high compressive stresses by facet contact. 25, 30 All material properties were assumed to be linear isotropic and homogenous except for the ligaments, which derived non-linear stressstrain behavior from the experimental studies. 9 Table 1 summarizes the type and number of elements, and material properties used to model the various components of the L2-L3 motion segment. The FE software, ANSYS 6.0, installed on the SGI Octane Workstations (64 bit RISC, 256MB Sync DRAM and System Disk 4GB SCSI, Silicon Graphics Inc.), was used for the analysis. The highly non-linear FE model, due to geometrical, material and contact non-linearities, allowed for large deformations analysis and was incorporated with surface-to-surface contact algorithm for the facet articulation.
Facet Articulation Modeling
As this study concentrates on the role of facets in load transmission, the discretization and modeling for the complex geometrical form of the articular facet surfaces are described here. Based on the direct digitization and modeling reported previously, the generated water-tight solid volume of the facets were discretized into eightnoded isoparametric solid elements. 14 To form three-dimensional continuum surface-to-surface contact elements for modeling contact between the articulating surfaces, the surfaces of the facets were discretized into small elemental planar surface, which conformed to the underlying solid elements of the facets with compatible nodes along the edges. The discretization of the curved surfaces into various planar elements resulted in a reduction of overall cost in contact computations without compromising accuracy. 8 Accordingly, both right and left facet joints were simulated using surface-to-surface contact elements with the articulating surface areas conforming to their respective actual geometrical curvature. This simulation permits sliding surface-contact conditions with the changing area of contact of the facet articulating surfaces during the application of incremental loading. It supports a large deformation with a significant amount of sliding and friction efficiently, making it suitable for simulation of facet articulation. In accordance with contact analysis, the superior facet surface of the L3 vertebra was taken as a target surface in view of its concave surface, and the inferior facet surface of the L2 vertebra was taken as contact surface. 1 Figure 4 shows the posterior view of the L3 vertebra.
Facet cartilage layer of 0.2 mm was incorporated into each facet articular surface, in which the stiffness was assumed to increase linearly in compression from zero to a maximum value of cortical shell (E = 12 GPa) and zero modulus of elasticity in tension. 25, 28 Here, the material linearity was assumed to be linear for the facet cartilage in view of the small thickness modeled for the layers, and the contact between the cartilages at the facets was assumed to be closed for the analysis. For normal facet joints, it exhibited low friction coefficient and the facet joints were simulated by frictionless sliding contact elements. 22, 27 The facet joints would sometimes become osteoarthritic, with denudation of articular cartilage and with osteophyte formation. 3 Such degenerative facets were simulated by having a friction coefficient of an arbitrary value of 1 to analyze an increase in facet force and change in biomechanical effects.
Validation of the L2-L3 Model
In this study, there were several assumptions and simplifications made in the modeling of the L2-L3 FE segment that could have a strong influence on the predicted results. A combination of material properties of the spinal components from published literature does not necessarily lead to the normal behavior of the modeled L2 -L3 segment. In this aspect, validation studies form an important link between the development of the FE model and its final intended use. However, in this study, the FE model was analyzed to evaluate the force-displacement response under prescribed compressive displacement (displacement control) attained in 6 steps, in which the reaction force was extracted from the constrained nodes of L3 body and spinous process. The analysis were carried out for the FE model with and without facet joints by comparing with experimental studies done using cadaveric specimens. 7, 18, 29 The removal of the facet joints in the FE model simulated the removal of posterior elements from the motion segment in in vitro studies by Berkson et al. 7 and Tencer et al. 29 Figure 5 shows the schematic diagrams for the FE model with the applied boundary and loading conditions simulated the experimental setup reported in the experimental studies.
Facet Load Bearing Study
To evaluate the load-bearing of the facet joints under compressive load, the validated L2-L3 model was loaded incrementally in an axial direction from zero to 686.7 N and 1373.4 N (corresponding to 70 kg and 140 kg, respectively) in 6 incremental steps on the superior surface of the L2 vertebral body (force control). These load levels were used in the experimental studies conducted by Lorenz et al. 17 and Nachemson. 21 For equilibrium, the inferior surface of vertebral body and spinous process of L3 of the L2-L3 model were fully constrained in all directions, as depicted in Fig. 6 . The loading and boundary conditions simulated the experimental setup used in the study of facet loads by Lorenz et al. 17 The magnitude of axial load transmitted through the facet joints of the posterior elements was computed as the difference between the total applied load on the FE model in axial direction and the reaction force experienced by the fully constrained inferior surface of L3 vertebra body. 30 The facet normal contact force (force normal to the spatial orientation of facet articulating surface) was calculated for both facet joints by summing up nodal pressure times area associated with corresponding node of the contact elements in contact. Such derivation is quite similar to the experimental procedure done using pressure sensitive film in measuring contact force. 17 
RESULTS
Model Validation
Under prescribed compressive displacement, the non-linear characteristic of L2-L3 segment was demonstrated from the force-displacement curve, as shown in Fig. 6 . The predicted results were generally within the range reported in the published results. 7, 18, 29 However, the model predicted no significant difference in forcedisplacement responses between the intact model (with facet) and the model with facet removal. These findings are closely correlated with the experimental studies in terms of forcedisplacement responses, after removal of posterior elements, as clearly shown in Fig. 6 . The predicted and published results exhibit considerate divergence, in which the authors believe are due to biological variations among specimens, the use of different experimental techniques, and the assumptions and simplifications made for the FE model. More details of validation study of the FE model used in this study can be found in our previous studies. 14 Table 2 shows the proportion of intervertebral compressive force transmitted through the articulating facet joints and the intervertebral disc, as predicted by the L2-L3 model. The predicted results show that much of the compressive load (> 90%) was transmitted via the intervertebral disc. Under different compressive loads, the model predicted slight variation in load transmission through the articulating facets joints and intervertebral disc; at lower applied compressive load (686.7 N), 3.4% of this applied load was transmitted through the facets joints compared to 1.64% for larger applied compressive load (1373.4 N). Figure 7 and Table 3 show the predicted facet contact force (normal to the surface) across the two facet joints in comparison with the experimental study by Lorenz et al. 17 Close agreements were observed for the two compressive loading (686.7 N and 1373 N) configurations. The model predicted facet joints contact force of 28% and 9% of the applied compressive loads under the corresponding loads of 687.7 N and 1383.4 N respectively. The percentage was a bit higher at lower load magnitudes and smaller for higher load valves. These findings correlated closely with the values (23% and 9%) reported by Lorenz et al. 17 These facet contact forces correspond to the incidence of contacts between the facet articular surfaces. The analysis predicts that contact occurs between the facet articulating surfaces of L2-L3 vertebrae in compression, resulting in the facet contact forces generated at the joints.
Facet Load
Effect of Osteoarthritic Joints
The simulation of osteoarthritics facet joints by assuming friction between the articulating facets study showed an increase in magnitude of load transmission through the facet joints. The model predicted that 12.8% and 8.4% of 686.7 N and 1373.4 N, respectively, as shown in Table 4 , were axially transmitted through the facet joints. The order of the percentage increase was not constant between the two different models of normal and degenerative joints. The study also showed that the facet joints role in load transmission between vertebral level reduced as load increased; however, the contact force computed between the articulating surfaces increased significantly, as shown in Fig. 8 
DISCUSSION
The objectives of this study are to present the development of accurate geometrical modeling of facet joints with the inclusion of surface-to-surface contact for facet articulation and to investigate its load-bearing role for normal/degenerated condition under compression loading. A detailed three-dimensional FE model of the lumbar L2-L3 motion segment was developed based on direct digitizing technique to obtain the exact geometrical profiles of the intricate vertebrae for this study. The complex topography of the original structure, including the facet joints, was reliably preserved by the digitizing process and replicated for the construction of the FE model in ANSYS. Moreover, the simulation of facet articulation as a sliding surface contact problem has not only realistically accommodated the changes in facet articulating contact surfaces with load and displacement, but also emulated the facet mechanics more realistically.
To investigate the biomechanical responses of human spine under physiological loads, many in vitro experimental and ex vivo analytical studies have been conducted, and FE method has been applied successfully in the study of biomechanics of spine. As the lumbar spine is a complex biomechanical system containing both passive structural and active neuromuscular components, the application of FE method is well suited for this parameterized analytical study, which could lead to better understanding of the load transmission and contact force of the facet joints so as to provide an insight for etiology of lowback pain and spondylolysis. 3, 13 The lumbar facet articulating surfaces are essentially oriented vertical, i.e. aligned with the axial compressive axes so the load-bearing role of the facet joints in axial compression is difficult to establish experimentally. 29, 30 Existing in vivo measurement techniques are limited to accurately access the complex facet articulation, thus a FE model based on accurate representation of the facet joints is essential to analyze the complex articulation process of the facet joints. Though there are many FE models that were developed based on other methods (X-ray or CT scan images) to capture the geometrical form of the bony vertebrae and to investigate the biomechanical behaviors related to the facet joints, they have not yielded realistic predicted results due to the 
Model Predic tion
Lorenz et al. [20] Compressive Load (N) Total Facet Contact Force (N) Fig. 9 Predicted facet contact force for normal and degenerative facet joints.
inappropriate modeling of the complex facet surfaces and articulation algorithm to model facet contact problem. 22, 25, 26 For example, Ahmed et al. 4 showed that CT images could not accurately distinguish the facet depth due to facet cartilage, causing geometrical errors in modeling. Sharma et al. 25 and Natarajan et al. 22 investigated facetrelated analytical studies, but the results were limited by the assumption of flat or parallel surface for the facet joints. Therefore a FE model, with both soft and hard tissue characteristics appropriately incorporated, and developed, validated, exercised and analyzed within the validated range, could be used to supplement valuable information for the simulated behavior of the spine, since other means of investigations are not feasible.
The predicted results shown in Tables 2 and 4 show that, in pure compression, the external axial force is transmitted primarily by the intervertebral disc (IVD) and the facet joints carry only a small percentage of the force. This underscores the role of intervertebral disc (IVD) as a major compression-carrying component of the lumbar spine and also agrees well with Shirazi, 28 Tencer et al. 29 and Goel et al. 11, 12 studies. The modeling of the IVD with the nucleus modeled as a nearly incompressible fluid and an annulus embedded with fibers has demonstrated this major compression-carrying mechanics of IVD of spinal segment under compression. The magnitude of the load transmitted via the normal facet joints is within the range reported in experimental studies, 3, 30 in which the facet joints, as reported, may bear from 1% to 25% of axial load, depending on focal anatomy, pathology and posture. The result is important in establishing the load-bearing role of the facet joints under compressive loading because any biological change in the intervertebral joints could affect the behavior of other joints and cause further degeneration or damages, resulting in change in overall biomechanical behavior. Shirazi and Drouin 27 reported that the facets resisted 2% of the applied compressive force under axial compression of up to 5000 N. In contrast, Shama et al. 26 found recently that the facets for normal motion segment model do not play any role in resisting applied compressive load that could be explained due to flat and parallel facet surfaces assumed therein. The parametric study of facet articulating conditions (frictionless and friction) shows that the load sharing between the intervertebral disc and the facet joints varied, as shown in Tables 2 and 4 . A change in roughness of facet articulating surface, such as friction to simulate degenerative conditions, results in an increase of load transfer through the facet joints. Both models predicted that under different magnitude of compressive load, the corresponding magnitude of load transfer through the facet joints was smaller for motion segment of higher applied compressive load. The differences in percentages (3.4% to 12.8% and 1.64% to 8.4%) of load transfer through the normal and degenerated facet joints simulated under different loads (686.7 N and 1373.4 N, respectively) demonstrated the significant influence of facet conditions on the non-linear biomechanical responses of the motion segment. The finding also correlates well with Yang and King 30 who reported that the load transmission through the facet joints could reach 47% of the total compressive load for a specimen having severe osteoarthritics at the L4-L5 level.
Experimental quantification of the facet contact force is difficult; only a limited amount of information is available in the literature. Under physiological axial compressive loading applied onto the FE model, the presence of coupled sagittal rotation has been observed and is due mainly to the articulation of the facet joint, resulting in prediction for computed contact force at the joints. 27 Though the FE model predicted relative smaller magnitude of load transfer through the facet joints under compressive load, a large magnitude of contact force was exerted between the articulating surfaces, as shown in Table 3 and Fig. 7 . For the normal facet joints, the L2-L3 FE model predicted different magnitudes of contact facet force (190 N and 128 N) under different axial compressive loads (686.7 N and 1373.4 N, respectively); these computed contact forces, in percentage, are in close agreement with published results by Lorenz et al. 17 (≈ 16%). The parametric study of degenerated facet joints shows that there was a significant increase in facet contact force experienced for degenerated facet joints, as shown in Fig. 8 . The increase in loadbearing of the degenerated facet joints simultaneously gives rise to larger compressive stresses at the contact area. Hence, the facet contact force has clearly demonstrated the significance of correct modeling of facet joints as adopted in this study. The facet joints degeneration affects the overall stiffness of motion segment as well as the range of motion, thereby affecting the biomechanical responses of the lumbar spine. Clinically, this increase in contact force may result in osteophyte formation at the articular margins and enlargement of the articular surfaces. 11 This may precipitate spinal stenosis if accompanied by anterior sub-luzation of inferior articular processes of L2, particularly in flexion accompanied by anterior shear. 25 Adam and Hutton 3 reported that the joints, which transmit a high proportion of intervertebral compressive force through their facet joints, are at great risk of having low backache. Hence, degenerative changes in the facets may cause pain as the facet joint capsules of the articular process are innervated by spinal nerves and inter-articular injection is often used to relieve the pain.
The modeling of L2-L3 based on a specimen and material properties chosen for the associated spinal components may greatly influence the absolute values; however, we believe that the trends determined for the parametric studied are correct although it may not necessarily be so when it comes to absolute numbers. Since the FE model is constructed directly from an actual human cadaver spinal geometry, including the simulation of the various anatomic components, the predictions from the analysis are considered to be clinically relevant and informative and we are extending to other clinical or biomechanical studies such as the effect of facetectomy on lumbar spine stability. It should be emphasized that these results could not be obtained easily by experimental study and, consequently, the present finite element model offers an additional facet to a better understanding of the load transmission and contact force of the facet joints towards the elucidation of the mechanical causes of the disorder affecting the human lumbosacral spine.
CONCLUSION
In summary, this study incorporated essential features for three-dimensional validated L2-L3 FE model -the accurate three-dimensional geometry of facet joints with the inclusion of surface-tosurface continuum contact representation. The passive FE model predicted that though a relative smaller percentage of axial compressive force was transmitted through the facet joints, relative large contact force was exerted on the articulating surfaces. The spatial orientation and geometrical form of the facet surfaces as well as coupling sagittal motion have significantly contributed to these effects. By incorporating friction between articulating surfaces, the simulated degenerative joints demonstrated that both the load transmission and contact force at the facet joints increase, and consequently may affect overall biomechanical responses of the lumbar spine and lead to spinal diseases and degeneration.
